Liver MR imaging has generally been regarded as the more accurate imaging modality compared with CT imaging (1 4). The recent introduction of 3-dimensional, T1-weighted imaging such as the volumetric interpolated breath-hold examination (VIBE) technique has allowed the acquisition of optimum dynamic liver MR imaging with high temporal and spatial resolution, and this type of imaging was previously limited to the 2-dimensional imaging technique (5, 6). However, the 3-dimensional technique using interpolation has limited actual in-plane spatial resolution within about 20 seconds of the breath-hold times relative to CT imaging, and 
shortening of the TE and TR is severely limited when using spectral fat saturation. This 3-dimensional technique might be limited to situations where images showing delicate anatomic detail are needed, for instance, during the evaluation of bile duct cancer and particularly for evaluating the liver hilar area where the portal triads are crowded and complicated by their variable angles (5, 6) .
Parallel acquisition technique such as sensitivity encoding (SENSE) has recently been introduced as a method to reduce the scan time with respect to the standard Fourier imaging. This technique is based on the fact that receiver coils with different spatial sensitivity profiles have an encoding effect that is complementary to Fourier preparation and so this allows a reduced acquisition time by means of employing arrays of multiple receiver coils with the resultant decreased number of measured echoes (7, 8) . For liver imaging, a few previous studies (9, 10) have demonstrated the efficacy of SENSE MR imaging for detecting hypervascular hepatocellular carcinoma with using multiphasic dynamic imaging. The application of SENSE to dynamic liver MR imaging holds promise for acquiring up-graded images with its higher resolving power relative to conventional imaging by trading the reduced scan time for modification of the scanning parameters, including the image matrix and bandwidth. Therefore, the purpose of this study was to assess the technical feasibility of using mSENSE for acquiring dynamic 3 dimensional-GRE liver imaging with higher in-plane resolution and preserving a sufficient signal-to-noise ratio, and we also wanted to assess its usefulness for evaluating bile duct cancer by comparing it, both quantitatively and qualitatively, with conventional VIBE imaging.
Materials and Methods

Patients
From November 2002 to September 2005, 34 consecutive patients at our tertiary referral hospital who were suspected of having bile duct cancer, based on the previously performed ultrasonography or dynamic helical CT, underwent gadolinium-enhanced multiphasic dynamic MR imaging that included successive acquisition of the equilibrium phase images with and without the integrated parallel acquisition technique. Eleven patients were then excluded from the study due to the lack of histologic confirmation of bile duct wall thickening, even when they were regarded as having bile duct cancer based on the image analysis. Therefore, the remaining 23 patients (14 men and 9 women, mean age: 58 years) were enrolled in this study. A written informed consent was obtained from each patient before they were entered into the study, and this study was approved by the institutional review board of our hospital.
Confirmation of bile duct cancer was made according to surgery in 10 patients and the diagnosis for the remaining 13 patients was based on a combination of the clinical and radiologic findings, including liver MR imaging with MR cholangiopancreatography as well as the cytologic analysis or biopsy that was done via ERCP. According to the morphologic classification of bile duct cancer (11) , the bile duct cancer of 18 patients was classified as the infiltrative (periductal) type and remaining five patients had the polypoid (intraductal) type (12) . All the bile duct cancers were considered to be located at the extrahepatic bile duct or the hilar area. Among the ten patients with bile duct cancer who underwent surgical resection, seven patients were classified as having Bismuth type I cancer or distal common duct cancer, and the other three were classified as having Bismuth type II cancer. The presence of vascular invasion was not found on both the surgical field and the preoperative images.
MR Imaging
All MR imaging was performed on a 1.5T super-conducting imager (Magnetom Symphony; Siemens, Erlangen, Germany) with using a phased array body coil for signal reception. This system provided a maximum gradient strength of 30 mT/m, with a peak slew rate of 125 mT/m/msec. All the images were obtained in the axial plane. Before the gadolinum-enhanced dynamic MR imaging was performed, the axial fat-suppressed T1-weighted fast low-angle shot (FLASH) sequences were obtained with the following parameters: a TR/TE of 159/2.6, a flip angle of 70 , a matrix of 120 256; a 6-mm slice thickness, a 10% intersection gap, a 35-40 cm field of view and a scan time of 37 sec. Dynamic imaging was performed after the administration of gadobenate dimeglumine (Gd-BOPTA; MultiHance, Bracco, Milan, Italy) at a dose of 0.1 mmol/kg, and this was followed by 20-mL of saline flush. Determining the scan delay for timing the image acquisition was achieved by a test bolus technique in which 1mL of gadobenate dimeglumine was injected along with a saline flush; the vessel of interest (the abdominal aorta) was then scanned approximately once per second. The T1-weighted images for the arterial phase (20 35 sec) and portal phase (45 60 sec) imaging were obtained by performing three-dimensional Fourier transform gradient echo imaging (volumetric interpolated breath-hold examination, VIBE: Siemens, Erlangen, Germany) with using the following parameters: a TR/TE of 3.6/1.6, a flip angle of 12 , a bandwidth of 490Hz/Px and a 75% rectangular field of view of 32 35 24 26 cm (5, 6) . 256 encoding steps were used for the read-direction. 67% partial Fourier sampling was done for the phase-encoding direction and then an initial matrix of 256 120 data points was interpolated by zero filling to a matrix of 512 240. So, the initial in-plane resolution of 1.4 2.2 mm2 or less was interpolated to a pixel size of 0.7 1.1 mm2 or less. For the selection-select or the partition direction, data sampling was done at 70% to produce 70 -72 partitions and an effective slice thickness of 2.3 mm.
Two successive images were obtained for the dynamic equilibrium phases with delays of 180 sec after the injection of contrast media: the first equilibrium phases were acquired using the VIBE technique with the same parameters as the dynamic arterial and portal phases. Immediate after the first equilibrium phase, the second equilibrium phases were acquired with mSENSE and using the following parameters: a TR/TE of 5.3/2.6, a flip angle of 12 , a bandwidth of 300Hz/Px, a matrix of 320 (read) 168 (phase) 46-48 (partition), and an effective slice thickness of 3.0 mm. A 75% rectangular field of view of 320-350 240 263 mm 2 and an image matrix of 320 168 yielded an in-plane resolution of 1.1 1.6 mm 2 or less. Interpolation was used for only the partition direction by acquiring the initial 70% sampling. A combination of a phased array body coil and a spine array coil with eight coil elements was used for the parallel acquisition technique, and mSENSE with a reduction factor of two was applied in an in-plane phase encoding direction for the 3D-dynamic imaging. mSENSE allowed acquisition of the folded images in each of the eight receiver channels by reducing the k-space sampling and then unwrapping them in the reconstruction process from a reference scan (8) . Twenty-four effective reference lines were used for each receiver channel. The acquisition time was the same (17 19 seconds) for each dynamic phase image, including the equilibrium phase image of the high-resolution image and the conventional VIBE.
Image Analysis
Qualitative Analysis: All the images were jointly evaluated by two gastrointestinal radiologists (Y. K. K and S.
W. K) who were well experienced in interpreting MR liver imaging in their daily clinical practice. Qualitative image analysis was performed both separately and independently with the quantitative measurements. The two observers were blinded to the patients histories and the sequence information. Two images were randomly presented to minimize any learning bias. Discrepancies on interpretation were resolved by means of a consensus reading. The two observers subjectively rated each sequence for the clarity of the hepatic vessels (the intrahepatic and extrahepatic portal vein and hepatic artery) and the intrahepatic and extrahepatic bile duct, any artifacts and the conspicuity of the bile duct cancer. The overall image quality and clarity of the vessels, the bile duct and the bile duct cancer was based on the following grading scale: unacceptable was 1, poor was 2, fair was 3, good was 4 and excellent was 5. The presence of artifacts was rated using the following grading scale: 1 was absent, 2 was mild, 3 was moderate and 4 was severe.
Quantitative Analysis: Quantitative image analysis was performed by measuring the signal intensity of the liver, the tumors, the visceral fat and the standard deviation of the background noise with using the operator-defined regions of interest (ROIs) for each image by the two reviewers. For minimizing errors, we obtained an average of three measurements by each reviewer. For the signal intensities of the liver and visceral fat, ROIs were drawn on the same location on each image that was devoid of large blood vessels. When the bile duct cancer was too small to place a ROI, then the image was magnified as much as three times. The standard deviation (SD) of the background noise was measured along the phase-encoding direction outside the body just ventral to the right anterior abdominal wall, and this included any respiratory or motion-related artifacts. The shape and size of the ROIs were, as much as possible, identical for all images. The signal-to-noise ratio (SNR) of the liver and the tumor, the liver-to-visceral fat contrast and the tumor to visceral fat contrast-to-noise ratio (CNR) were calculated from the signal intensity of the liver, the tumors, the visceral fat and the SD of the background noise according to the following formulas: SNR = signal intensity of liver (lesion)/SD of background noise Tumor-to-visceral fat CNR = {signal intensity of tumor-signal intensity of visceral fat}/SD of the background noise Liver-to-visceral fat contrast = {signal intensity of liv-er -signal intensity of visceral fat}/SD of the background noise
Statistical Analysis
The qualitative and quantitative values were reported as means SDs. The statistical significance of the quantitative data for the signal intensities of the liver parenchyma and the tumor, the SNR of the liver parenchyma and the tumor, the liver-to-visceral fat contrast and the tumor-to-visceral fat CNR were determined using repeated measures of analysis of variance testing (ANOVA), and the differences between the groups were compared using the paired t test. In addition, the statistical significance of the qualitative data for the clarity of the hepatic vessel and bile duct, and also the conspicuity of the bile duct cancer and the artifacts was determined using the Wilcoxon signed rank test. A p value less than .05 was considered statistically significant. The statistical analyses were performed using SPSS 8.0 computer software (SPSS Inc., Chicago, IL, USA).
Results
The quantitative results for the mean SNR of the liver parenchyma and tumor, as well as the liver-to-visceral fat contrast and the tumor-to-visceral fat CNR for each image, are shown in Table 1 . The mean SNRs of the liver and the liver?to-visceral fat contrast on the mSENSE images were significantly higher than those on the conventional VIBE images (mean SNR of the liver: 70.8 8.2 vs 62.4 10.0, respectively, p=0.013; mean SNR of the liver-to-visceral fat contrast: 58.4 7.9 vs 44.0 9.4, respectively, p=0.0001). The mean SNR of the tumor and the tumor-to-visceral fat CNR on the mSENSE images were also significantly higher than those on the conventional VIBE images (mean SNR of the tumor: 276.1 44.9 vs 242.9 34.9; the tumor-to-visceral fat CNR: 264.2 45.2 vs 223.1 36.4, p=0.0001, respectively). Although the mean signal intensity of the liver parenchyma and tumor on the mSENSE images were higher than those on the conventional VIBE images (mean signal intensity of liver: 116. 8 
The results of the qualitative analysis are shown in Table 2 . Although the sharpness of the intrahepatic vessel (3.9 0.3 vs 3.8 0.4, respectively) and the intrahepatic bile duct (3.9 0.4 vs 3.8 0.4, respectively) did not differ significantly between the two images (p=0.83) (Fig. 1) , the sharpness of the extrahepatic portal vein and the hepatic artery (3.8 0.4 vs 3.2 0.4, respectively) as well as for the extrahepatic bile duct (3.9 0.4 vs 3.2 0.5, respectively) was significantly better on the mSENSE image than on the conventional VIBE image (p=0.0001) (Fig. 2) . In addition, the conspicuity of the bile duct cancer was significantly better on the mSENSE image than on the conventional VIBE image (3.9 0.3 vs 3.6 0.5, respectively, p=0.014) (Fig. 2, 3) . Although minimal band-like aliasing artifacts were seen on most of the mSENSE images, there was no significant difference in the artifacts between the two images (3.8 0.5 vs 3.9 0.4, respectively, p=0.31) (Fig. 2) . Note. Data are presented as means SDs. * There were significant differences between the two images (p<0.05). SNR = signal-to-noise ratio, CNR = contrast-to-noise ratio. Note. Data are presented as means SDs. * There were significant differences between the two images (p<0.05).
Discussion
Obtaining the highest resolving power to discriminate subtle disease might be an ultimate goal of the various image modalities, and this could be achieved with higher spatial resolution, an improved signal-to-noise ratio and better object contrast (13) . From that point of view, there have been a few reports demonstrating the usefulness of dynamic liver MR imaging with employing phased array multicoils and higher image matrices (512 256 [frequency x phase-encoding matrices]) for evaluating hepatocellular carcinoma (14, 15) . However, the technique used in those previous studies was a 2D GRE sequence that required a relatively long-breath holding time (26 seconds for 10 images) and a thick section of 8 to 10 mm, and this may obscure small hepatic lesions according to the partial volume averaging effect. Using the VIBE technique for the dynamic images in our study has several advantages over the 2-D GRE technique such as thinner sections, no gaps, fat saturation, higher SNR, comparable image contrast and the generation of MR angiography based on the isotropic voxels (5, 6); most of these things are possible by shortening the im-77 A B Fig. 2 . A 61-year-old man with surgically confirmed common duct cancer. The three-dimensional dynamic delayed phase MR images obtained with using a volumetric interpolated breath-hold examination (VIBE) without mSENSE (A) and with mSENSE and high-resolution (B). A small bile duct cancer (large arrow) and the adjacent hepatic artery (small arrow) are more clearly depicted on the mSENSE image than on the conventional VIBE sequence. Note the minimal band-like aliasing artifact (black arrows) in the mSENSE image that did not influence the overall image quality. Fig. 1 . A 63-year-old man with biliary dilatation due to common duct stones. The three-dimensional dynamic delayed phase MR images obtained with using a volumetric interpolated breath-hold examination (VIBE) without mSENSE (A) and with mSENSE and high-resolution (B). The sharpness of the intrahepatic vessels and the dilated intrahepatic bile duct did not significantly differ between the two images.
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age acquisition time as well as increasing the resolution by performing interpolation. However, breath-hold times exceeding 20 seconds limit the VIBE technique s spatial resolution because of the time-consuming phaseencoding steps of two-directions with applying spectral fat saturation. Furthermore, although zero filling interpolation is used for VIBE, the actual in-plane matrix is defined as 256 120, which is inferior to CT images, and so might be limited to situations where an imaging showing delicate anatomic detail is needed. Therefore, to overcome this relatively lower spatial resolution of the popularly used 3D GRE image compared to the CT imaging, a faster image acquisition technique is inevitably needed and the introduction of a parallel acquisition technique such as mSENSE could be the solution for this problem.
For acquiring the optimized, highest-resolution liver MR imaging, the concerns for the SNR and CNR as well as a reasonable image acquisition time should be considered. For achieving the higher in-plane resolution imaging in our study, we choose the highest possible matrix size of 320 168 (frequency phase-encoding matrices) without zero filling interpolation, while maintaining an adequate image acquisition time and the SNR and CNR. The 3D dynamic image with frequency encoding steps of 512, in our experience, showed grainy images with a remarkable drop of the SNR as well as the CNR relative to the conventional VIBE technique. In spite of the increased image matrices, the acquisition time of the mSENSE image was the same as the conventional VIBE thanks to the application of mSENSE. However, theoretically, by reducing the number of measured echoes and the non-optimum weighting of the arrayed coil elements, the SNR of the mSENSE images is decreased according to the square-root of the acquisition time, and it is inversely proportional or at least equal to the square root of the reduction factor (8) . Furthermore, the CNR drop was also anticipated by decreasing the voxel size in the mSENSE image (13, 16) . In actual clinical practice, Vogt et al. (17) have recently demonstrated that the SNR and CNR of the 3D dynamic imaging obtained with the parallel acquisition techniques such as Generalized Autocalibrating Partially Parallel Acquisition (GRAPPA) and mSENSE were decreased up to 35% in comparison to the unaccelerated VIBE. However, Vogt and colleagues used only four coil array elements, which was different from the eight coil elements in our study. This could be one possible reason for higher SNR of the mSENSE image. Also, a low bandwidth (490 300 Hz/Px) was used to compensate for the SNR penalty as well as the CNR penalty with using mSENSE and also the increased in-plane resolution in our study. (18) . However, the thinner partition of the conventional VIBE (2.3 mm 3.0 mm) was inevitably sacrificed for the SNR penalty, as well as for maintaining the same image acquisition time as the conventional VIBE. As a result, on the quantitative analysis of this study, the SNR of liver and tumor on the mSENSE image was significantly higher than those on the conventional VIBE sequence. In addition, the liver-to-visceral fat contrast and the tumor-to-visceral fat CNR on the mSENSE image were significantly higher than those on the conventional 78 A B Fig. 3 . A 60-year-old man with the surgically confirmed common duct cancer. The three-dimensional dynamic delayed phase MR images obtained with using a volumetric interpolated breath-hold examination (VIBE) without mSENSE (A) and with mSENSE and high-resolution (B). The conspicuity of the small bile duct cancer (large arrow) and the adjacent hepatic artery (small arrow) is better on the mSENSE image than on the conventional VIBE sequence.
VIBE, and this resulted from the marked fat suppression as well as the increased SNR of liver on the mSENSE image (Fig. 3) . We could not find a clear explanation for the marked fat suppression with the mSENSE image, though this might be explained by a better spectral separation at the longer TE and the fact that at the longer TE, fat and water protons are at an opposed phase in contrast to being in-phase at the TE of the conventional VIBE sequence.
On qualitative analysis of our study, the sharpness of the intrahepatic vessels and the intrahepatic bile duct did not differ significantly between the two images, although the sharpness of the extrahepatic portal vein, the hepatic artery and the extrahepatic bile duct as well as the conspicuity of the bile duct cancer were significantly better on the mSENSE image than on the conventional VIBE. This stands in contrast to the results of a study by Vogt et al. (17) that demonstrated poorer quantitative and qualitative results of the 3D dynamic image with the parallel acquisition technique than that for the unaccelerated VIBE when the same image parameters were used for both techniques. The enhanced clarity of the extrahepatic bile duct, the hepatic artery and the portal vein as well as bile duct cancer on the mSENSE image could be explained by the optimized SNR and CNR that resulted from the best possible combination of the highest image matrix and bandwidth. In terms of image artifacts, we observed only minimal fold-over aliasing artifacts on most of the mSENSE images, which didn t degrade the overall image quality and it didn t interfere with the evaluation of the bile duct and vessels. This was a milder degree of aliasing artifacts than was expected and was shown in a study by Vogt et al. (17) , and this could be attributed to the mSENSE algorithm that we used rather than the GRAPPA algorithm; furthermore, the eight arrayed coil elements we used compared with the four element in the study by Vogt et al. (17) were beneficial for minimizing the aliasing artifacts.
Our study demonstrated that the application of mSENSE makes it possible to acquire upgraded 3-dimensional dynamic MR images that have higher inplane spatial resolution and better contrast by trading off saving time for a larger matrix and a lower bandwidth, relative to the conventional VIBE. Additionally, the positive impact of the improved spatial resolution on the image quality as well as excellent delineation of bile duct cancer was shown on the mSENSE imaging. We suggest that for the cases of patients who are able to hold their breaths for acquiring the conventional VIBE sequence, applying mSENSE for dynamic liver MR imaging should be weighed according to acquiring high quality imaging relative to the conventional unaccelerated image, and not simply for reducing the data acquisition time, regardless of the image quality and any concerns about the SNR and CNR.
This study has some limitations. First, the order for acquiring the two dynamic equilibrium phase images was the same for all our study subjects, i.e., the successive acquisition of the first conventional VIBE image and then the second mSENSE image. However, we believe that there was an insignificant difference of signal intensity between the two successive equilibrium phase images that were acquired at more than 3 min after the injection of contrast media (19) . Nevertheless, the SNR of the late equilibrium phase image with higher-resolution was significantly higher than that of the early conventional VIBE image. Second, surgical confirmation was not done in all 23 patients with bile duct cancer. The 10 patients with bile duct cancer who had surgical resection performed were classified as Bismuth type I or II without them having any evidence of vascular invasion or adjacent liver parenchyma on both the preoperative image analysis and surgery, so any precise comparison between the two dynamic equilibrium phases for determining the resectability could not be performed. Third, the 3.0 mm section thickness on the high-resolution image was slightly thicker than the 2.3 mm of the conventional VIBE technique. Radiologic assessment of the bile duct cancer is influenced by the resolution in multiple planes and not just by the in-plane resolution, so reformat images such as the coronal and sagittal planes should be evaluated for both the conventional VIBE and mSENSE imagings. However, the aim of our study was not making comparison between the dynamic MR imaging with higher longitudinal resolution and the dynamic MR imaging with higher in-plane resolution, but we only demonstrated the application of mSENSE to 3D dynamic MR imaging to acquire images of a higher quality. The acquisition of the thinner slice higher-resolution image could be possible with some modification of the parameters used in our study because the SNR and CNR in the original VIBE are already in an acceptable range. Further, the use of MR equipment having a higher gradient strength makes it possible to acquire a thinner section image than that obtained of our study. Last, a phase matrix of 168 might be somewhat small as a high resolution image relative to conventional VIBE. However, in our study sample, the mean body weight and height were 63.3 kg (range: 47 75 kg), and 166 cm (range: 153 173 cm); thus, it may not be possible to generalize the results of our study to the North American population where the average body mass index is expected to be higher.
In conclusion, the higher in-plane resolution 3-dimensional GRE image with mSENSE showed superior image quality than did the conventional VIBE image with using the same acquisition time, and this technique shows promise for conducting a comprehensive exam for the assessment of biliary obstructive disease.
